Abstract-Deficiency of the eye-stabilizing vestibulo-ocular reflex (VOR) is a defining feature in multiple diseases of the vestibular labyrinth, which comprises the inner ear's sensors of head rotation, translation and orientation. Diagnosis of these disorders is facilitated by observation and measurement of eye movements during and after head motion. The video head impulse test has recently garnered interest as a clinical diagnostic assessment of vestibular dysfunction. In typical practice, it involves use of video-oculography goggles to measure eye movements while a clinician examiner grasps the subject's head and manually rotates it left or right at sufficient acceleration to cover ~20 deg over ~150 mS, reaching a peak velocity of >120 deg/S midway through the movement. Manual delivery of head impulses incurs significant trial-by-trial, inter-session and interoperator variability, which lessens the test's reliability, efficiency, safety and standardization across testing facilities. We describe application of a novel, compact and portable automated head impulse test (aHIT™) device that delivers highly repeatable head motion stimuli about axes parallel to those of the vestibular labyrinth's six semicircular canals, with programmable Gaussian and sinusoidal motion profiles at amplitudes, velocities and accelerations sufficient to test VOR function over the spectral range for which the VOR dominates other vision-stabilizing reflexes. We tested the aHIT™ on human subjects and demonstrated its high reproducibility compared to manually delivered head impulses. This device has the potential to be a valuable clinical and research tool for diagnostic evaluation and investigation of the vestibular system.
I. INTRODUCTION

A. Vestibular System
The vestibular system comprises several reflexes that together maintain stable posture, vision and perception of head and body orientation and movement relative to the world [1, 2] . The vestibular sensors comprise 5 neuroepithelial end organs in each of the inner ears. In each ear, three semicircular canals (SCCs)-commonly called the horizontal, anterior and posterior canals-are oriented orthogonally to one another and configured so that each senses one component of threedimensional head angular velocity, while being insensitive to angular position, other components of angular velocity, translation, and changing in linear acceleration due to head reorientation with respect to the direction of gravity (Fig. 1) . Conversely, the utricle and saccule sense linear accelerations, in approximately horizontal and parasagittal planes, respectively. In a person standing upright with the head pitched ~20° nose-down from level, the horizontal SCCs sense head rotation in the earth-horizontal plane. In that orientation, the anterior and posterior SCCs are oriented vertically and ~45° off the midsagittal plane. The left anterior and right posterior semicircular canals detect head rotation in the leftanterior/right-posterior (LARP) plane, and the right anterior and left posterior semicircular canals detect head rotation in the right-anterior/left-posterior (RALP) plane. Activation of the semicircular canals elicits the angular vestibulo-ocular reflex (VOR), which normally drives eye rotation opposite and equal in velocity to head rotation, thereby ensuring that the image of a distant, Earth-fixed object remains stable on the retina despite head motion. This reflex fails in individuals disabled by loss of vestibular sensation, which can cause debilitating vertigo, oscillopsia and gait disturbances [3] .
B. Head Impulse Testing
The head impulse test (HIT) was popularized by Halmagyi and Curthoys for clinical diagnosis of peripheral vestibular disease [4] . Since their initial publication in 1988, the HIT has gained popularity and become an integral part of the work-up of vestibular symptoms. A head impulse is described as a head rotation with low amplitudes of 5-20°, intermediate peak velocities of about 150°/s, and high peak accelerations of 1000-6000°/s 2 , in unpredictable timing and direction, in the planes of the semicircular canals [5] . These are traditionally done manually, with an examiner firmly grasping the patient's head and delivering head-on-body impulses in the horizontal, RALP, and LARP planes. In a normal subject, a rapid "head impulse" head rotation activates the VOR and produce reflexive eye motion equal in amplitude and velocity to the head motion. In a person with deficient vestibular sensation in one ear, rapid head movements towards the hypofunctioning semicircular canal elicit a deficient VOR, so that the eye fails to maintain stable orientation with respect to the world. Compensatory refixation saccades are quick eye movements that bring the eye back on target. When such refixation movements occur after the head stops moving, they are readily visible to an examiner, who can then easily identify the specific hypofunctioning semicircular canal(s) without special equipment. However, when compensatory saccades occur during the head motion, they are difficult to detect without the aid of equipment able to sample and accurately measure eye angular position at a sufficiently high rate [6] . Detection of these "covert saccades" and measurement of subtle changes in VOR gain (eye velocity/head velocity) is more difficult when the head motion stimuli are highly variable in speed and acceleration. Head impulse rotation stimuli delivered manually are variable and inherently operator-dependent. In addition, head impulses in the RALP and LARP planes are often difficult to apply consistently without variation in rotation axis and motion profile [7] .
C. Video head impulse test (vHIT)
Recently, video-oculography (VOG) has been used during head impulse testing, creating the video head impulse test (vHIT) [8] . VOG allows tracking of eye movement during head motion with a camera, and is a less invasive method of eye-tracking compared to scleral search coils [9] . VOG allows the detection of covert saccades, or saccades that occur during the head impulse, and are difficult for the unaided observer to detect [10] . Commonly used VOG systems include the ICS Impulse (GN Otometrics) and EyeSeeCam (Interacoustics) systems. These devices measure head velocity in conjunction with eye velocity to calculate VOR gain [11] . As such, the vHIT can isolate pathology to one of the six semicircular canals [12] , and determine the VOR gain of each canal [13] .
In determining VOR gain, it is important that the peak velocities of the head impulses are high enough to trigger the VOR. In the ICS Impulse system, for a motion to be detected as a head impulse, lateral head velocity must be greater than 120°/s, and the LARP/RALP head velocity must be greater than 100°/s. For the EyeSeeCam system, peak head velocity and acceleration must exceed 70°/s and 1000°/s 2 , respectively, for a movement to be detected as a head impulse. It can be difficult for a testing technician or other clinician examiner to consistently deliver head impulses that meet these motion constraints, particularly in the LARP and RALP planes. Consequently, test subjects sometimes must endure numerous head impulses to acquire sufficient data for calculation of VOR gain. When the examiner is relatively inexperienced, head motion stimuli may be either too slow (resulting in unreliable responses) or too large in amplitude (posing a risk of neck injury). Moreover, operator-dependence of the vHIT test as typically performed causes a lack of standardization across testing centers. These concerns have led to interest in finding a reliable method to automatically and consistently deliver head motion stimuli.
D. Motorized head impulse devices
Tabak and Collewijn developed an early motor-driven head impulse testing device in 1994 [14, 15] . In their set-up, the subject wore a helmet connected to a torque motor attached to the ceiling. That device delivered horizontal sinusoidal head movements up to a frequency of 20 Hz and step displacements (essentially "head impulses") with amplitudes of 10-50°, peak velocities of 100-200°/s, and accelerations of 700-1300°/s 2 . Fig. 2 . aHIT TM device, consisting of a servo motor, which is connected to a curved track guided by bearings; the curved track is attached to a mouth piece [16] . A DC motor and gear were attached to the backrest of a chair. The subject was seated in the chair, and wore a helmet attached to the gear with three rods. That system delivered impulses with peak velocities up to 100°/s at acceleration of 1000°/s 2 . Like the Tabak et al. device, the Aalto et al. stimulator only delivered movements in the horizontal plane. Both systems were bulky and not easily portable.
Impulses can also be delivered to the whole body, with the patient in a rotary chair [17] . As the chair is powered by a motor, it is capable of providing impulses at defined velocities and accelerations. Rotary chair systems also have the benefit of testing VOR function independent of contributions from the cervico-ocular reflex (COR); however, rotary chair systems are large and expensive to purchase, install and maintain. Furthermore, while some rotary chair systems allow movement about axes other than the Earth-vertical axis [18, 19] , most only allow rotation in the horizontal plane. In addition, most rotary chairs can only rotate up to a peak velocity of 50-90°/s [20] and accelerations too small to generate the excitationinhibition asymmetry essential to performance of the head impulse test.
E. Automated head impulse test (aHIT)
Here, we describe application of an automated head impulse testing device, the Labyrinth Devices aHIT™, which delivers repeatable, standardized, head impulse stimuli [21] . It consists of a servo motor connected to a curved stainless steel track guided by six stainless steel bearings to produce rotation of a mouthpiece (Fig. 2) . The subject bites onto the mouthpiece covered with dental putty, which serves to protect the subject's teeth. The motor displaces the track, and these movements are transmitted to the subject via the mouthpiece. The servo motor can be programmed to administer a variety of head impulse motion profiles, including Gaussian, sinusoidal, and trapezoidal velocity waveforms, at a range of amplitudes, velocities, and accelerations. The orientation of the track and mouthpiece can be adjusted to allow delivery of head impulses in the LARP and RALP planes, in addition to the horizontal plane. The device measures 32 x 28 x 27cm, weighs 5kg -an order of magnitude smaller and lighter than most rotary chair systems -so it occupies only a fraction of a clinic exam room and can easily be disassembled and moved to free an exam room space for other equipment.
II. MATERIALS AND METHODS
This study was approved by the Johns Hopkins University Institutional Review Board. A healthy subject with no history or symptom of vestibular dysfunction was recruited for validation of the aHIT TM device.
A. aHIT™ motion profile testing
A wireless sensor with gyrometer (Shimmer™ 3 [22] ) at a sampling rate of 204.8Hz was used to measure angular velocity of the subject's head. It was attached to a headband and placed around the subject's forehead.
A dental impression of each subject was made using dental putty and placed on the bite block the aHIT device. The subject was seated upright, and the height of the chair was adjusted so that the bite block was at a comfortable level for the subject. The bite block was also adjusted to ensure that the axis of rotation was centered about the vertical axis of the subject's head. During head motions, the subject was asked to bite down on the bite block firmly to ensure transfer of forces from the motor.
The aHIT™ device was used to deliver the following motion profiles:
• Sinusoid, frequency 0.5Hz, peak angular velocity 35°/s
• Sinusoid, frequency 1Hz, peak angular velocity 70°/s
• Sinusoid, frequency 2Hz, peak angular velocity 140°/s
• Gaussian, peak angular velocity 150°/s, peak acceleration 3000°/s 2 .
The aHIT™ was first configured to deliver these motions in the horizontal plane. For each motion profile, 10 cycles were delivered in the horizontal plane, with each cycle consisting of a motion to the left, then to the right. The track and bite block were then oriented to deliver these motions in the LARP and RALP planes in similar fashion.
B. Manual head impulse testing
For comparison to aHIT™ data, an experienced clinician delivered ten head impulses in the maximally excitatory direction for each SCC. Motion of the subject's head was similarly recorded with the Shimmer™ 3.
III. RESULTS Fig. 3 shows one subject's head angular velocity during sinusoids with frequencies of 0.5, 1 and 2 Hz at peak velocities of 35°/s , 70°/s, and 140°/s respectively are delivered by the aHIT™ in the horizontal, LARP, and RALP planes. These waveforms demonstrate that when the sinusoidal motion in applied in the horizontal, LARP, or RALP plane, the predominant motion of the head is in the intended plane, with little off-axis motion. These waveforms also contain high frequency noise in the velocity signal. Fig. 4a shows velocity profiles of manual head impulses delivered by an experienced clinician in the horizontal, RALP and LARP planes. They approximate a Gaussian waveform. There is considerable variation in the peak velocity (standard deviation ranging from 17.8 to 59.0, Table 1 ) of these head impulses. Furthermore, there is considerable off-axis motion for head impulses in all planes. Fig. 4b shows velocity profiles when the aHIT™ device is programmed to deliver impulses with a motion profile of a Gaussian waveform with a peak velocity of 150°/s and peak acceleration of 3000°/s 2 . The resultant velocity profiles resemble sinusoids with exponential decay. There is decreased variation in the peak velocity (standard deviation ranging from 3.0 to 10.9, Table 1 ). Off-axis motion in the horizontal plane is minimal, while off-axis motion in the LARP and RALP planes reach velocities similar to those of manual head impulses. 
IV. DISCUSSION
Video head impulse testing has gained in popularity since its introduction, and is now a first-line tool used in the diagnosis of many vestibular disorders. This test typically depends on a clinician consistently providing impulsive head movements with motion profiles in the plane of the semicircular canals. These motions are difficult to perfect reproducibly without training, practice and experience.
The aHIT™ fills the need for a method to reliably deliver head impulses of specific motion profiles in the axes of the semicircular canals. When sinusoidal motion profiles are delivered in the horizontal, LARP or RALP plane, there is limited off-axis motion, demonstrating that the aHIT™ can consistently provide motions that are largely confined to the intended plane. However, when Gaussian motion profiles are applied with the aHIT™, there is some off-axis motion, particularly when the impulse is applied in the LARP and RALP planes. This may be because in those configurations, the curved track is oriented off the main axis of the device. This, coupled with the increased peak acceleration in a Gaussian impulse (~3000 °/s 2 ) when compared to a 2Hz sinusoid (~900°/s 2 ), may create oscillatory movements of the bite block about an axis tangential to the curved track. Nevertheless, the velocities of these off-axis motions are similar in magnitude to the velocities of the off-axis motions in a manual head impulse.
Motion waveforms contain high frequency noise which is particularly apparent for sinusoidal motions. This mechanical noise is most likely due to irregularities on the surfaces of the curved track that mate with bearings. Urethane or similar bearing coatings may diminish this high frequency noise. accelerations up to 3000 °/s 2 in a largely operator-independent fashion.
V. CONCLUSION
We have demonstrated the ability to use an automated system to reproducibly create head motion profiles in the three orthogonal planes of the human semicircular canals. These motions are similar in profile to manually applied head impulses but are noted to have decreased variability. There is great clinical and research potential for a device capable of repeatedly delivering clinically relevant head impulses. Further device development will focus on decreasing high frequency noise in the sinusoidal motion profiles and diminishing off-axis motion in the LARP and RALP planes. Future studies will look at using this technology in the clinical setting and in vestibular research.
